, 1993). We show that three additional genes implicated in RNAi
In armi mutants, bcd mRNA showed a wild-type anterior are also required for osk mRNA translational silencing distribution ( Figure 1A ). However, osk RNA was either and microtubule reorganization during early oogenesis, dispersed throughout the ooplasm or concentrated indicating that the RNAi system is required for axial within the oocyte interior in 85% (n ϭ 52) of armi 1 egg polarization of the oocyte. Finally, we show that Armi chambers ( Figure 1A ) and 90% (n ϭ 69) of armi 72.1 egg protein is concentrated in the oocyte with osk mRNA. We chambers (Supplemental Figure S1 at http://www.cell. speculate that this asymmetric localization may spatially com/cgi/content/full/116/6/817/DC1). The remaining restrict RNA silencing activity and increase the effiegg chambers displayed weak posterior localization (not ciency of target recognition and thus help to establish shown). osk mRNA consistently showed normal postethe functional asymmetries that initiate embryonic rior localization in armi rev39.2 revertants (Supplemental axis specification. . In armi mutants, grk mRNA was undetectable by was not in a previously identified gene (see below). We FISH. However, using a colorimetric detection method, named the locus armitage after the navigator on Robert grk mRNA formed a weak ring near the anterior cortex Falcon Scott's failed Discovery expedition to the ( Figure 1A , inset), and immunostaining showed that Grk South Pole.
protein was dispersed throughout the oocyte (not Excision of the P element in the original mutant, armi 1 , shown). These observations indicate that the armi gene produced new armi alleles and revertant chromosomes is required for axial polarization of the oocyte during that presumably restore gene function through precise early and mid-oogenesis. transposon excision. Of the forty lines generated, 21 (52%) fully complemented armi 1 and were homozygous Characterization of armi Gene fertile with normal embryonic patterning. The remaining To clone the armi gene, DNA adjacent to the armi 1 P lines failed to complement armi 1 , indicating that impreelement insertion was recovered by plasmid rescue. The cise P element excision had generated new armi mutaflanking DNA matched genomic sequences at polytene tions. Most of these mutations were homozygous viable region 63E1 and the cDNA clone GM10845.5prime in the and female sterile, and the mutant females produced Berkeley Drosophila Genome Project (BDGP) database eggs with intermediate to weak defects in D/V pat-(http://www.fruitfly.org). Consistent with a role for armi terning, suggesting that they were partial loss-of-funcduring oogenesis, GM10845 was isolated from a germation alleles. However, armi 72.1 appeared to be a strong rium through stage 6 egg chamber library. GM10845 loss-of-function allele. Homozygous armi 1 females procontained a 2.1 kb insert with 484 nucleotides of putative duce eggs where 67% (n ϭ 608) show strong D/V pat-5Ј UTR upstream of an open reading frame that extended terning defects as indicated by a complete lack of dorsal to the end of the clone. Comparison of plasmid rescue, appendages. By contrast, 92% (n ϭ 885) of eggs deposcDNA and genomic sequences indicated that the armi 1 ited by armi 72.1 females completely lack dorsal append-P element was inserted in the 5Ј UTR of the putative ages, and 35% of these were also collapsed. armi 72.1 transcription unit (see below and Figure 2A ). over the deficiency Df(3L)E1 showed a similar range Northern blots probed with GM10845 detected a priof defects, indicating that armi 72.1 is a strong loss-ofmary transcript of approximately 4.2 kb. This transcript function mutation. However, both armi 1 and armi 72.1 ovawas expressed at high levels in ovaries, 0 to 3 hr emries produce low levels of transcript, suggesting that bryos, and in Drosophila DL2 cells and at low levels neither allele is functionally null (see below).
at other developmental stages and in ovariectomized To further characterize armi patterning defects, we females ( Figure 2B ). In some RNA preparations, a minor performed fluorescent in situ hybridization (FISH) for the transcript of roughly 6.9 kb was also detected (Figure three asymmetrically localized mRNAs that specify the 2B, DL2 lane and not shown). The levels of both trananterior, posterior, and dorsal regions of the oocyte. In scripts were significantly reduced in armi 1 and armi
72.1
wild-type stage 9 to 11 oocytes, bcd mRNA accumulates mutant ovaries, and both were restored to wild-type levels in armi rev39.2 ovaries ( Figure 2C and not shown Longer exposures revealed low levels of a 4.2 kb tranand the sum of this transcript and the cycJ transcript is roughly 6.2 kb, we postulated that the larger 6.9 kb script and a lower molecular weight transcript in both armi mutants, suggesting that both alleles may produce transcript might be a read-through product from armi into cycJ. To assay for this read-through transcript, we some active protein.
The Northern blot data and DNA sequence analysis used primers that span the intergenic region in RT-PCR reactions ( Figure 2A) . A fragment consistent with a readindicated that GM10845 is a partial cDNA lacking the 3Ј end. To clone a full-length cDNA, 3Ј-RACE was perthrough transcript was obtained (not shown). To test if the armi 1 P element also disrupted cycJ expression, formed on cDNA prepared from wild-type ovary RNA. The recovered 3Ј sequences encode an open reading we probed Western blots of wild-type and armi 1 ovary extracts with anti-Cyclin J antibody. Similar levels of frame terminating in a stop codon followed by a 3Ј UTR with a consensus polyadenylation signal and a poly(A) Cyclin J protein were detected in both samples (not shown). Therefore, the observed defects in axial pattail (not shown). A full-length cDNA was generated by ligation of GM10845 and the 3Ј clone. Subsequent geterning are not due to loss of cyclin J expression. To confirm that the 4.2 kb transcript encodes armi, a netic tests indicate that the resulting composite cDNA encodes functional Armi protein (see below). Alignment GFP-armi transgene was used to rescue the chromosomal mutation. GFP was fused to the amino terminus of the composite cDNA sequence with genomic sequence indicated that the mature 4.2 kb mRNA is the of the 4.2 kb transcript open reading frame, and the fusion was placed under UASp-Gal4 control (Rorth, product of a 5 kb primary transcript with eight exons (Figure 2A) . Since the 4.2 kb cDNA terminates roughly 1998) (see Experimental Procedures). The resulting fusion construct was introduced into the germline and 500 nucleotides upstream of the cyclin J (cycJ) gene, /aub QC42 oocytes was lower than script was apparent by FISH (not shown). Osk was also prematurely expressed in armi 1 and armi 72.1 hemizygous in armi, spn-E, and mael mutants; however, neither aub mutation is a null allele, and the level of Osk expression oocytes, but was not apparent in early armi rev39.2 revertant oocytes (Supplemental Figure S3 on the Cell website).
is consistently above the background staining observed in wild-type controls (Figure 3) . Significantly, mutations Late stage egg chambers make up most of the ovary, and Osk is highly expressed during these stages in wildin aub, spn-E, and mael produce defects in osk mRNA localization during early and mid-oogenesis (Figure 3) double mutant ovaries showed microtubule defects that Discussion were cytologically identical to the parental armi mutation (not shown). Therefore, the defects in osk mRNA silencIn Drosophila, the embryonic axes are established during oogenesis through the asymmetric localization of ing and microtubule polarization are genetically distinct consequences, suggesting that the RNAi pathway simRNAs and proteins within the oocyte. The asymmetries that initiate axis specification are established during lences osk mRNA and additional transcripts encoding cytoskeletal regulators. early oogenesis, when polarization of the microtubule cytoskeleton within the oocyte-nurse cell syncytium leads to asymmetric mRNA and protein localization within early oocytes. In this and other systems, mRNA transport is coupled to temporal and spatial control of translation. We have found a new axial patterning gene, armi, which is required for initial polarization of the microtubule cytoskeleton and for temporal regulation of osk mRNA translation. Armi is related to a subset of RNA helicases, which include SDE3, a component of the plant RNA silencing system. We show that Armi is required to repress osk translation during early oogenesis, but does not alter osk mRNA levels. We also find that armi is required for Stellate silencing during spermatogenesis 
